Tripartite motif (TRIM) proteins make up a large family of coiledcoil-containing RING E3 ligases that function in many cellular processes, particularly innate antiviral response pathways. Both dimerization and higher-order assembly are important elements of TRIM protein function, but the atomic details of TRIM tertiary and quaternary structure have not been fully understood. Here, we present crystallographic and biochemical analyses of the TRIM coiled-coil and show that TRIM proteins dimerize by forming interdigitating antiparallel helical hairpins that position the Nterminal catalytic RING domains at opposite ends of the dimer and the C-terminal substrate-binding domains at the center. The dimer core comprises an antiparallel coiled-coil with a distinctive, symmetric pattern of flanking heptad and central hendecad repeats that appear to be conserved across the entire TRIM family. Our studies reveal how the coiled-coil organizes TRIM25 to polyubiquitylate the RIG-I/viral RNA recognition complex and how dimers of the TRIM5α protein are arranged within hexagonal arrays that recognize the HIV-1 capsid lattice and restrict retroviral replication.
Tripartite motif (TRIM) proteins make up a large family of coiledcoil-containing RING E3 ligases that function in many cellular processes, particularly innate antiviral response pathways. Both dimerization and higher-order assembly are important elements of TRIM protein function, but the atomic details of TRIM tertiary and quaternary structure have not been fully understood. Here, we present crystallographic and biochemical analyses of the TRIM coiled-coil and show that TRIM proteins dimerize by forming interdigitating antiparallel helical hairpins that position the Nterminal catalytic RING domains at opposite ends of the dimer and the C-terminal substrate-binding domains at the center. The dimer core comprises an antiparallel coiled-coil with a distinctive, symmetric pattern of flanking heptad and central hendecad repeats that appear to be conserved across the entire TRIM family. Our studies reveal how the coiled-coil organizes TRIM25 to polyubiquitylate the RIG-I/viral RNA recognition complex and how dimers of the TRIM5α protein are arranged within hexagonal arrays that recognize the HIV-1 capsid lattice and restrict retroviral replication.
antiparallel dimer | disulfide crosslinking | X-ray crystallography T ripartite motif (TRIM) proteins make up the largest superfamily of RING E3 ubiquitin ligases, with more than 100 members in the human proteome (1, 2) . TRIM proteins function in a variety of cellular pathways, and many regulate innate immunity and/or mediate antiviral responses. Antiviral TRIMs include TRIM25, which regulates the IFN response to RNA viruses (3, 4) , and TRIM5α, which senses and inhibits early stages of retroviral replication (5, 6) .
TRIM proteins share a common N-terminal domain organization, termed the tripartite or RBCC (RING, B-box, coiled-coil) motif, followed by variable C-terminal protein recognition domains ( Fig. 1 A and B) . "Linker" segments of unknown structure typically separate both the RING and B-box domains (L1) and the coiledcoil and terminal effector domains (L2). The coiled-coil region mediates oligomerization, and both homooligomeric and heterooligomeric TRIMs have been described (7) (8) (9) (10) (11) (12) (13) . Furthermore, many TRIM proteins form higher-order assemblies in vitro and form punctate or fibrous structures in cells (14) (15) (16) . For example, TRIM5α assembly allows the protein to function as a cytosolic patternrecognition receptor that can intercept the incoming capsids of diverse retroviruses, including HIV-1 (6) . This results in species-specific "restriction" of viral replication (5), capsid dissociation (5, 6) , and induction of innate immune responses (17) . Retroviral capsids are recognized through a remarkable mechanism of multivalent pattern recognition. TRIM5α forms a homodimer (10, 11, 18) , which can further assemble into a 2D lattice of linked hexagons (18) . The hexagonal TRIM5α net matches the symmetry and spacing of the retroviral capsid surface lattice, thereby positioning multiple C-terminal B30.2/SPRY domains to interact with their repeating binding epitopes on the capsid.
Structures of isolated RING, B-box, and C-terminal domains of several TRIM proteins have been described, but the molecular details of TRIM oligomerization and high-order assembly have yet to be defined. Here, we report biochemical and crystallographic characterization of a coiled-coil-containing fragment of TRIM25. The crystallized construct forms a stable dimer in solution, and the structure reveals an elongated dimer composed of interdigitating hairpin-shaped subunits. We also present evidence that this dimer architecture is conserved across other TRIM family members, including TRIM5α. Finally, our studies allow us to assign the domain organization in the low-resolution EM reconstruction of the TRIM5α lattice (18) and thereby gain new insights into the mechanism of retroviral capsid pattern recognition.
Results
TRIM25 Forms an Elongated, Antiparallel Dimer. We chose human TRIM25 for analysis because it lacks the propensity of TRIM5α to form high-order assemblies and is therefore more tractable biochemically. In initial experiments, we found that a series of coiled-coil-containing TRIM25 constructs, including the full tripartite motif and the full-length protein, behaved as single species during purification. All of these constructs eluted rapidly on gel filtration chromatographs, indicating they had elongated shapes and/or were oligomers. The shortest wellbehaved construct spanned residues 189-379, which includes the entire coiled-coil region as well as the N-terminal half of the L2 linker region that connects the coiled-coil to the B30.2/SPRY domain (Fig. 1A) . Analytical ultracentrifugation experiments revealed that this construct is a stable dimer ( Fig. 1C; Fig. S1 A-C), implying that the full-length protein is also probably dimeric.
Significance
Tripartite motif or TRIM proteins make up the largest superfamily of RING-domain E3 ubiquitin ligases. These enzymes function in a wide variety of important cellular processes, particularly innate antiviral response mechanisms. Dimerization is critical for the function of many TRIM proteins. Here we show how TRIM25 dimerizes and demonstrate that this dimerization mode is apparently conserved across the entire TRIM protein family. Our results reveal how the dimerization domain positions the other TRIM effector domains to recognize and ubiquitylate substrates and how the TRIM5 family can form higher-order hexagonal assemblies that increase the avidity of substrate recognition.
To determine the molecular basis for TRIM25 dimerization, we crystallized TRIM25 189-379 and determined its structure to 2.6 Å resolution ( Fig. S2 ; Table S1 ; Materials and Methods). The asymmetric unit comprises a single, elongated dimer ∼17 nm in length (Fig. 2) . Each subunit in the symmetrical dimer folds back into a hairpin configuration with long and short arms. The elements annotated as the coiled-coil and L2 linker are structurally distinct, with the coiled-coil residues forming the long arm of each subunit (helix H1, colored green in Fig. 2A ) and the L2 residues forming the short arm that folds back and packs against H1 (helices H2, H3, and an irregular but well-ordered intervening segment, colored gray). The two subunits dimerize intimately in an antiparallel orientation, similar to two interdigitated bobby pins (Fig. 2B) . Almost all hydrophobic side-chains are involved in packing interactions, which occur along the entire length of each hairpin and bury a total surface area of 5,102 Å 2 . Polar and charged side-chains also form numerous hydrogen bonding and salt bridge interactions.
TRIM proteins have been predicted to contain two distinct coiled-coil segments separated by a helical, but noncoil, segment (19, 20) . The TRIM25 structure reveals that these segments actually make up a single contiguous coil, helix H1, which forms the long arm of each subunit. The dimeric H1-H1′ interaction is mediated by classic "knobs-into-holes" packing of both heptad repeats (wherein amino acid residue positions in each repeat are denoted by the letters abcdefg) and hendecad repeats (abcdefghijk) ( Fig. 3 ; Fig. S2 C and D) . Residues in the h positions of the hendecads also form "knobs-to-knobs" interactions (21) . The repeats are arranged in a symmetric 7-7-7-7-11-11-11-11-7-7-7-7 pattern, which produces a supercoil that is canonically left-handed at the ends but is underwound and slightly right-handed in the middle. This unusual configuration likely explains why sequence analysis programs failed to predict H1 as a single, contiguous coil. The hendecads mediate interactions at the center of the coiled-coil, and superhelical underwinding allows H1 and H1′ to sit side by side and form an amphipathic platform. Here, the terminal H3 helices from the short arm of each hairpin pack against one side of the platform to form a 4-helix bundle. Thus, the structure indicates that both ensuing C-terminal B30.2 domains will be centrally located on the same side of the dimer. Fig. 3B ) has a particularly high density of intermolecular interactions because of tight packing of the H1 helices against one another and against the H3 helices ( Fig. 2) . Key H1-H1′ interactions in this region include the Leu252 side-chain, which packs against Tyr245′, Met248′, Lys249′, and the symmetry equivalent Leu252′ in the apposing helix (Fig. 3B ). This segment is further stabilized by salt bridges between the Lys249 and Asp253 side-chains and is flanked on either end by a buried hydrogen bond network (indicated by square brackets in Fig. 3B ) involving the Tyr245 side-chain hydroxyl, a buried water molecule (orange sphere), Ser255 (H1′), Glu256 (H1′), Ser259 (H1′), Thr341 (H3′), and Gln356 (H3, not shown for clarity). This region therefore appears to be particularly important for dimer stability. Coiled-coils represent a special case of protein folding in which formation of the hydrophobic core is coupled to oligomerization (dimerization in this case). We therefore used differential scanning fluorescence thermal melting assays to examine the coupled folding/dimerization transition. In this assay, the signal comes from a dye that fluoresces on binding hydrophobic side-chains that become exposed as the protein unfolds with increasing temperature (22) . As shown in Fig. 3C (filled circles), wild-type TRIM25 189-397 displayed a typical coiled-coil differential scanning fluorescence profile with a single transition and an apparent melting temperature (T m ) of 53°C. Consistent with the structure, the L252A mutant was difficult to purify and did not display a sigmoidal melting curve, indicating it was already unfolded (or misfolded), even at 25°C (Fig. 3C, open circles) . The Y245A mutant was also apparently misfolded and could not even be purified. In contrast, two control proteins with alanine substitutions for completely buried residues elsewhere in H1 (M209A and V223A) were properly folded, albeit with reduced stability (Fig. 3C, gray symbols) . These results confirm that the center of the coiled-coil helix is critical for proper folding of the TRIM25 dimer, perhaps making up the "trigger site" that directs coiled-coil formation (23) (24) (25) .
This central region of TRIM25 is also where the terminal H3 helices pack to form the 4-helix bundle and contribute hydrophobic residues to the compact core. Unlike H1 mutants, however, alanine substitutions in buried hydrophobic H3 residues (T341A, L344A, and L348A) did not prevent TRIM25 189-379 coiled-coil formation (Fig. S3A) . These results are consistent with the observation that TRIM5 protein dimerization requires only the coiled-coil domain and that both upstream (RING and B-boxes) and downstream (L2 equivalents and beyond) elements are dispensable (8, 19, 26, 27) . Thus, even though the coiled-coil and L2 regions appear to form an integrated "domain" in our structure, the L2 segment is apparently not critical for dimerization and may be dynamic. Consistent with this idea, the average temperature factor for the short arm was 15% higher than the long arm in the native structure. In the selenomethionine crystal, one of the L2 arms had extremely poor density, likely because it had dissociated from the coiled-coil (Fig. S3B) .
The H1 Coiled-Coil Heptad/Hendecad Pattern Is Conserved in the TRIM Family. The TRIM25 coiled-coil sequence diverges significantly from other human TRIM proteins (e.g., TRIM25 and TRIM5α share only ∼10% sequence identity in this region). Nevertheless, our analysis of the human TRIM family using the secondary structure prediction program JPRED (28) indicated that the putative coiled-coil regions of most TRIM proteins are embedded within a contiguous helix of about 110 amino acids, consistent with the TRIM25 structure. To align these regions, we performed a structure-to-sequence comparison by first generating a multiple sequence alignment (MSA) of the coiled-coil regions of 54 different human TRIM family members (Fig. S4) . The alignment revealed a pattern of conserved hydrophobic amino acids, with leucine being the most highly represented residue. We next calculated and plotted the percentage buried surface area (BSA) for each residue in the H1/H1′ portion of the TRIM25 structure (i.e., not including the L2 arms) and aligned this plot with the MSA. As shown in Fig. 3D , there is excellent correspondence between the pattern of conserved hydrophobic positions in the MSA plot and the a, d, and h positions that mediate formation of the H1/H1′ dimer (dark gray bars; see also Fig. S4 ). These results indicate that the unusual pattern Fig. S4 for full alignment). The sequence alignment is overlaid with percentage buried surface area plots calculated using the entire TRIM25 189-379 structure (light gray bars) or the H1/H1′ helices only (dark gray bars). Heptad/hendecad residue assignments are color coded as in A. The TRIM25 sequence is shown at the top and the aligned TRIM5α sequence at the bottom, with the first and last residue numbers indicated.
of heptad and hendecad repeats is conserved across the TRIM protein family and that the structures of other dimeric TRIM coiled-coils likely resemble the TRIM25 structure.
We also calculated a BSA plot for the entire structure (Fig.  3D, light gray bars) . Comparison of the two BSA plots revealed that packing of the long and short arms of the TRIM25 subunits is mediated by H1 residues in the c, g, and k positions. Importantly, these residues are also conserved in the MSA, particularly at the center of the dimer (e.g., Glu244, Met248, Leu251). These results indicate that the hairpin configuration of the subunits and the central 4-helix bundle are also likely to be conserved.
TRIM5α and TRIM25 Have Similar Dimer Architectures. The 17-nm length of the TRIM25 189-379 dimer corresponds almost exactly to the length of each edge of the assembled TRIM5α hexagon (18) , suggesting that the TRIM25 structure can also inform our understanding of the TRIM5α hexagonal lattice. Intermolecular disulfide bond formation was used to probe and compare the structures of the TRIM25 and TRIM5α dimers in solution. The TRIM25 189-379 crystal structure was analyzed using a disulfide prediction program (29) to identify three pairs of residues that are in close proximity in the dimer and are predicted to form intermolecular disulfides when mutated into cysteines (Fig. 4A) . Two of the designed disulfides, A216C/K285C and A234C/E267C, probe for packing and phase of the H1/H1′ helices (i.e., antiparallel coiled-coil formation), and the third, S195C/L308C, probes for packing of H1 in one subunit against H2 in the other subunit (i.e., the fold-back configuration). These disulfide bonds collectively sample the entire length of the dimer (Fig. 4A) .
As shown in Fig. 4B , all three double-cysteine mutant TRIM25 189-379 proteins behaved as designed. Each formed intermolecular disulfide crosslinks very efficiently under nonreducing conditions and migrated exclusively as crosslinked dimers on a denaturing polyacrylamide gel (lanes 7, 9, and 11). In contrast, three negative controls that contained scrambled pairs of cysteines migrated almost exclusively as monomers under the same conditions (Fig. 4B, even-numbered lanes) . Thus, disulfide crosslinking can be used as a sensitive probe of the dimeric conformation of TRIM25.
Analogous disulfide crosslinking experiments were performed on rhesus TRIM5α 133-300 to test whether the TRIM5α protein also adopts a similar dimeric structure. Equilibrium sedimentation distributions of the wild-type TRIM5α 133-300 fit well to a single-species dimer model, confirming that this region was sufficient for dimerization ( Fig. 1D; Fig. S1 D-F) . Three pairs of TRIM5α 133-300 cysteine mutants were then created in positions that were equivalent to the three crosslinking pairs of TRIM25 189-379 (colored dots in Fig. S4 ). As shown in Fig. 4C , these TRIM5α 133-300 Cys pairs also formed intermolecular disulfides efficiently (lanes 7, 9, and 11), although the A137C/L249C disulfide crosslink formed somewhat less efficiently than did the A158C/T227C and I176C/E209C crosslinks, suggesting that H2 may not reside in precisely the same position in TRIM25 and TRIM5α. The crosslinks were judged to be stable because the proteins migrated almost exclusively as dimers, even after extended incubation under mildly reducing conditions (2 mM β-mercaptoethanol), consistent with the favorable disulfide geometries predicted by the homology model. We therefore conclude that TRIM5α and TRIM25 form dimers of similar structure.
Discussion
Mechanistic Implications for TRIM25-Mediated Polyubiquitylation of RIG-I. TRIM25 is an established effector of the RIG-I signaling pathway, which mediates the intracellular innate immune response to RNA viruses. TRIM25 recognizes and catalyzes Lys63-linked polyubiquitylation of the RIG-I/viral RNA recognition complex, thereby activating downstream effectors in the pathway and establishing an antiviral state (3). RIG-I/viral RNA complexes are recognized by the C-terminal B30.2 domain of TRIM25 (3, 30) , and ubiquitin transfer is facilitated by the N-terminal RING domain, in cooperation with a ubiquitin E2 ligase. Our structure indicates that in the full-length TRIM25 dimer, the two catalytic RING domains will be separated by at least 17 nm at either end of the elongated dimer (Fig. S5) . In this geometry, the two RING domains within one TRIM25 dimer probably could not cooperate during catalysis, at least not in the same manner as well-characterized cooperative homodimeric RING domains such as RNF4 (31) or BIRC7 (32) . As illustrated in Fig. S5 , the fold-back configuration of the TRIM25 subunits explains how the RING domains can approach the B30.2 domains to enable RIG-I ubiquitylation. It is likely, however, that there is a more precise positioning mechanism than we can currently describe, as TRIM25 has been shown to modify RIG-I at a specific lysine residue (3, 30) . We speculate that dynamics of the L2 arm (including possibly the L2 region that is missing from our structure) and other factors (33, 34) may make important contributions in this regard. In addition, RNA-bound RIG-I has been shown to dimerize (35) . It will therefore be interesting to learn whether both subunits of the TRIM25 dimer can engage both subunits of the RIG-I dimer simultaneously.
Implications for Dimerization of the Tripartite Motif. Our analysis indicates that TRIM25 is likely to be an obligate dimer. Furthermore, the distinctive 7-7-7-7-11-11-11-11-7-7-7-7 pattern of heptad and hendecad repeats in the TRIM25 coiled-coil appears to be conserved, and we speculate that it may be a "signature" of the TRIM family. Studies of dimeric coiled-coils have shown that short sequence elements or "trigger sites" of 7-14 amino acids are critically important for proper folding because they are the first segments to become helical, and therefore nucleate dimerization (23) (24) (25) . Once the initial dimer contact is established, the peripheral residues then "zip up" to form the fully folded coiled-coil. This general model implies that associating helices, whether homodimeric or heterodimeric, must have compatible trigger sites. Our structural and mutational analyses indicate that the center of the H1 helix is likely to be the TRIM25 coiled-coil trigger site. This element includes Tyr245 and Leu252 (hendecads 6 and 7) and is flanked by polar residues that form a buried hydrogen bond network (Fig. 3B) . It is likely that these buried polar interactions help to define pairing specificity and helix packing registry in TRIM proteins, as has been seen in SNARE coiled-coil complexes (36) . Our sequence analysis indicates that almost every human TRIM protein has a unique central sequence, although there is conservation within the same branches of the TRIM family tree (Fig. S4 ). This likely explains why TRIM proteins apparently do not form heterodimers promiscuously and why reports of TRIM heterodimerization generally involve closely related TRIM proteins (7, 9, 12, 13) .
Implications for Dimerization and High-Order Assembly of TRIM5α.
Our structural and biochemical data establish that the coiled-coil and L2 regions of TRIM25 and TRIM5α form similar structures. We have therefore used the TRIM25 structure to interpret the protein density seen in the 2D cryoEM reconstruction of the assembled TRIM5α hexagonal lattice (18) (Fig. 5 ). This analysis indicates that each edge of the TRIM5α hexagon corresponds to a single coiled-coil dimer (each 17 nm in length). This interpretation, in turn, implies that the threefold symmetric densities observed at each vertex correspond to the N-terminal RING and B-box 2 domains and that the twofold symmetric densities at the midpoint of each hexagon edge correspond to the B30.2/SPRY domains (18) (Fig. 5A) . These assignments are consistent with the known requirement for the B-box 2 domain in high-order TRIM5α assembly (18, 37, 38) and could also explain how assembly can activate the RING domains by bringing them into close proximity, consistent with the observation that capsid binding enhances E3 ligase activity (17) . We envision two possible subunit configurations for the hexagonal lattice, which differ in domain connectivity at the local threefold vertex (Fig.  S6) . In one configuration, the intact dimers would interact at the vertex through the RING, B-box 2, and/or ends of the coiled-coil. In the alternative configuration, the associated coiled-coil dimers would "swap" arms in a fashion reminiscent of clathrin triskelion assembly (39) . We cannot yet unambiguously discriminate between these different possible assembly modes but note that domain swapping would provide a mechanism for autoinhibition, and thereby prevent unregulated assembly, and would be consistent with recent studies indicating that the L2 linker plays an important role in high-order TRIM5α assembly (40, 41) .
Our domain assignments, together with the density distribution in the EM map of the TRIM5α lattice, further suggest that the B30.2 domain may interact with the coiled-coil. The sequences of TRIM5α and TRIM25 diverge considerably beyond the short-arm H2 helix, but secondary structure algorithms predict an α-helix at the TRIM5α L2/B30.2 boundary (residues 283-300) that is equivalent in position to TRIM25 H3 (asterisks in Fig. 1B and Fig. S7 ). Interestingly, residues 291-300 of rhesus TRIM5α (colored in blue and boxed in Fig. S7 ) do indeed form a helix in two independent crystal structures of the isolated B30.2 domain (42, 43) , although the immediately preceding residues (287-290) adopt a nonhelical loop configuration with high temperature factors in one of the structures (43) . These observations lead us to speculate that the N-terminal helix of the TRIM5α B30.2 domain (or the longer, predicted helix) may pack against the center of the upstream coiled-coil to form a 4-helix bundle, as seen in the TRIM25 structure. In support of this idea, alanine substitutions of surface-exposed residues on the TRIM5α B30.2 helix (Arg297, Arg298, and Tyr299) impair both restriction activity and capsid binding. These residues are far removed from the capsid-binding surface (44) but could mediate interaction of the TRIM5α B30.2 domain against its coiled-coil. Such interactions would not only position the B30.2 domains on the same side of the dimer but also possibly define their spacing and orientation, as has been postulated to be a "minimum design feature" of retroviral capsid restriction factors (45) . Consistent with this general idea, residues within the TRIM5α coiled-coil domain are under positive selection (46, 47) , implying they can influence capsid recognition, and the coiled-coil itself may be a determinant of binding specificity (47) .
In summary, we propose that the tripartite motif coiled-coil has a conserved structure and a conserved scaffolding function that organizes the biochemical activities of TRIM proteins, thereby facilitating selective substrate polyubiquitylation by TRIM25 and capsid pattern recognition by TRIM5α. Thus, the TRIM domains are organized spatially, consistent with the idea that they have coevolved and behave as an integrated module, rather than as a collection of independent functional elements (14, 20, 48) .
Materials and Methods
Construct Design, Protein Purification, and Characterization. TRIM25 189-379 and TRIM5α 133-300 protein expression constructs, purification protocols, analytical ultracentrifugation analyses, and TRIM25 189-379 crystallization and structure determination are described in SI Materials and Methods.
Sequence and Structure Analysis. Sequences aligned in Fig. 3D started from the last zinc-coordinating pair of the B-box 2 domain (typically His-X-X-His) and spanned the subsequent 130 residues. Sixty-seven members of the human TRIM family (table 1 in ref. 20) , excluding TRIM25, were initially used to generate a multiple sequence alignment with the ClustalW2 program. (18) . Domains are colored as in Fig. 1B. (B) Schematic model of the full-length TRIM5α dimer. The C-terminal B30.2 domains (blue) are shown packed against one side of the coiled-coil domain via a putative extended H3 helix (colored in gray to blue gradient and outlined in black) that spans both L2 and B30.2 sequences and forms a 4-helix bundle with the coiled-coil, as seen in the TRIM25 structure.
Duplicates and sequences with gaps of 3 or more residues within H1 were removed, resulting in a final alignment of 54 sequences (Fig. S4) . To facilitate structure-to-sequence comparisons, a consensus sequence plot was generated using the Weblogo program (49), total buried surface areas for each residue in the TRIM25 structure were calculated using the PISA Web server (50) , and the Weblogo and buried surface area plots were aligned manually.
Differential Scanning Fluorimetry. Thermofluor melting assays (22) were performed with a Bio-Rad CFX96 thermal cycler. Proteins in crystallization buffer were mixed with a 1:400 dilution of "10,000×" SYBR Safe dye (Invitrogen). Final protein concentrations were 2 mg/mL, except for the L252A and L348A mutants, which were 1 mg/mL and 2.6 mg/mL, respectively. Samples were held at 20°C for 5 min, and the temperature was then raised to 100°C in 1°C increments every 15 s, taking fluorescence readings at each increment. Each sample was set up in 4 replicates, and melting curves for each protein were determined at least twice, with independent protein preparations. T m was determined from the maximum of the first derivative of the melting curve. The maximal variation in wild-type TRIM25 189-379 T m was <1°C in seven independent determinations.
Crosslinking Analysis. Double-cysteine mutant proteins were reduced by dilution to 30 μM in reducing buffer [50 mM Tris at pH 8.0, 150 mM NaCl, 20 mM β-mercaptoethanol (βME)] and then dialyzed overnight at 4°C into the same buffer containing 0 mM (TRIM25) or 2 mM (TRIM5α) βME to allow formation of stable disulfide crosslinks. Aliquots were then mixed with the same volume of 2× SDS-PAGE sample buffer containing either 1 M βME (reducing) or no additional βME (nonreducing), incubated for 5 min at 99°C in a dry bath and immediately analyzed by SDS-PAGE with Coomassie blue staining.
